Interface energies of (100) YSZ and (111) YSZ 
I. INTRODUCTION
Over the last few years, many experimental efforts have been expended on the fabrication of self-patterned, epitaxial nanocrystals (metallic, semiconductor or oxyde) on crystalline substrates. 1, 2, 3, 4, 5, 6 The aim is to synthesize homogeneous patterns of epitaxial crystals in order to induce quantum confinement -intimately related to the shape and the size of the nanocrystals -in order to achieve enhanced optical and/or magnetic properties. 7, 8, 9, 10, 11, 12, 13 Several theoretical investigations have been concerned with the physical parameters responsible for the geometric properties of the nanocrystals.
14, 15, 16, 17, 18, 19 The fabrication of such systems can be realised through various techniques involving the formation of nanometer-scale islands in a collective way, a process known as self-organisation.
The basic idea is to promote the formation of nanocrystals on a crystalline substrate using
thin solid films which demonstrate spontaneous evolution from a continuous 2D solid layer to a rough and/or discontinuous film, i.e., 3D epitaxial nanocrystals. The formation of the nanocrystals takes place during or after the deposition of the film as a way of reducing the total energy of the epitaxial {layer||substrate} system by the relaxation of the interface and/or surface stresses and strains. We briefly describe, in what follows, three of the most popular "bottom-up" approaches involved in epitaxial nanocrystals self-organisation processes.
A first approach is chemical vapor deposition (CVD), which consists in mixing chemical species in vacuum, which then react or decompose on the surface of a substrate to form a thin solid film. A second approach is physical vapor deposition (PVD), whereby matter is extracted from a solid target with, for example, a laser or an ion beam; the extracted ions attach to the surface of a substrate and eventually constitute a thin solid film. CVD and PVD, which lead to the formation of nanocrystals during the deposition process, have been successfully applied to the fabrication of self-organized arrays of semiconductor or metal nanocrystals, commonly called quantum dots (QDs). One of the most widely studied system is {Si||Ge}; this is characterized by the formation of epitaxial, faceted Ge QDs either at the top of a continuous Ge wetting layer (Stranski-Krastanov growth), or directly at the surface of the Si substrate (Volmer-Weber growth). 20, 21, 22, 23, 24, 25, 26, 27 A third approach goes by the deposition of a continuous thin xerogel film at the surface of a substrate by sol-gel dip-coating. 28 Through thermal treatment, the continuous thin solid film crystallizes and breaks into several crystals through surface diffusion, 29, 30, 31 leading to the formation of discrete epitaxial islands on the surface of the substrate. In this case, unlike PVD or CVD, the formation of the epitaxial islands takes place after the deposition of the film. This technology is particularly efficient for designing arrays of oxide nano-islands, as recently demonstrated by Bachelet.
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In this article, we are concerned with the {YSZ||(0001) 
whereas for a substrate containing defects, some islands are round and thicker than the top-flat ones but with lower interface areas, and possess the in-plane and-out-of plane orientations:
The morphological evolution of the thin solid film into discrete nano-islands proceeds by an abnormal grain growth driven by the interface during thermal treatment. 33 From our previous theoretical investigations of this system, 31 and in good agreement with experimental results, we demonstrated that the shape and size transition from top-flat to round is linked to the presence of defects at the surface of the substrate which induce enhanced growth in height.
However, the preferred formation of interfaces (1) and (2) over interface (3) for a perfect (0001) α−Al 2 O 3 substrate is not clearly understood. On the basis of energy considerations it can be argued that, to first order, an epitaxial crystal is in equilibrium with both the vacuum through the free surface energy and with the substrate through the interface energy, where both energies are related to the crystallographic orientations. Using ab initio methods,
Ballabio et al. have demonstrated that the free surface energy of (100) YSZ is higher than that of (111) YSZ .
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In this article, we propose to examine the interface energies defined by the epitaxial relations (1), (2) (3) is energetically favored over interfaces (1) and (2) . We therefore propose a general explanation for the behaviour of the islanding process of YSZ thin solid films on (0001
substrates, either perfect or with surface defects, in the light of experimental and theoretical investigations.
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The article is constructed as follows. In section II we give the details of the numerical procedure, followed in section III by a demonstration of the ability of the PAW pseudopotentials to reproduce the correct structural properties of α and κ-Al 2 O 3 , the low-pressure polymorphs of ZrO 2 , and the Y 2 O 3 bixbyite structure. In section IV we first discuss the calculation of the unrelaxed and relaxed stoichiometric free surface energies, then we present the atomic-scale models for the the (1), (2) and ( for the Brillouin-zone integrations of bulk unit cells, which is a standard choice for wide band gap oxides. 43 With these parameters, the total energies are converged to within 10
Ha/atom (0.2 eV/atom) and the forces to better than 10 −4 Ha/(Bohr.atom). The atoms were relaxed to their ground-state positions using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm.
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The slab geometry for the (0001) α−Al 2 O 3 system is described in section IV; in this case we used a 2 × 2 × 1 Monkhorst-Pack grid in the z direction. For the (1), (2) and (3) {YSZ||(0001) α−Al 2 O 3 } interfaces, and according to previous studies, 34, 50 only the Γ point was used to integrate the Brillouin zone. The convergence criteria for relaxation were the same as above.
III. STRUCTURAL PARAMETERS OF THE BULK PHASES
We present here our results for the various bulk phases in order to ensure that our approach yields the correct structural parameters. For this purpose, we computed the relaxed lattice parameters and ionic positions (we follow the Wyckoff convention 53 ) for each crystalline structure. We also computed the ground state energies E as a function of the volume V of the unit cell; these can be fitted to the Murnaghan equation of state:
with
thus yielding the equilibrium volume V 0 and the bulk modulus B 0 ; P is the pressure. Apart from the α phase, there are two metastable polymorphs of alumina which are of practical interest, viz. κ-Al 2 O 3 and γ − Al 2 O 3 ; we focus on κ-Al 2 O 3 hereafter. This polymorph can be synthesized by CVD and, because of its hardness, is used as surface coating.
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The crystalline structure of κ-Al 2 O 3 is orthorhombic, space group P na2 1 , with 40 atoms (8 Al 2 O 3 molecular units) in the unit cell. 56 There are four oxygen planes in the cell, organized in the ...ABCABCABC... stacking sequence, and the aluminum ions fill the tetrahedral and/or octahedral sites. 57 The positions of the Al atoms in this structure is under debate. The E(V ) curves for both polymorphs are presented in Fig. 1 The lattice parameters of the rhombohedral and hexagonal phases of α-Al 2 O 3 are summarized in Table II . The parameters for the hexagonal cell, a h1 , a h2 , and c h , are deduced from the rhombohedral ones, a rh1 , a rh2 , and a rh3 , as follows:
with a rh = || a rh1 || = || a rh2 || = || a rh3 ||, a h = || a h1 || = || a h2 ||, and c h = || c h ||. The parameters for (orthorhombic) κ-Al 2 O 3 are a 0 , b 0 and c 0 .
We now turn to zirconium dioxide, an important material for applications in optical, mechanical and thermal coatings. Here we are concerned with the low-pressure polymorphs of ZrO 2 stoichiometry. From 0 to 1400 K, ZrO 2 is monoclinic ('m'; this phase is called baddeleyite), of space group P 2 1 /c; 68 between 1400 and 2650 K, it is tetragonal ('t'), of space group P 4 2 /nmc; 69 finally, above 2650 K and all the way to the melting point, it is cubic ('c'), of space group F m3m. 70 Here we describe the three phases through their conventional unit cells with 12 atoms (4 ZrO 2 molecular units). Table III Our calculations reproduce the correct relative stability of the three polymorphs and our fitted parameters agree with previous theoretical and experimental results. The structural parameters are provided in Table IV .
Finally, we discuss the structural parameters of Y 2 O 3 (bixbyite), which is body-centered cubic, space group Ia3. This can be viewed in the conventional unit cell with 80 atoms The above results clearly establish the ability of the PAW method to reproduce the correct structural properties of the systems we are concerned with. In what follows, we present first the models used to simulate the (0001) surface of α-Al 2 O 3 as well as the (100) and (111) surfaces of YSZ. We then discuss the method for constructing the interface supercells, which will be used to calculate the interface energies. In order to calculate the interface energies, we constructed supercell models consisting of a (0001) α−Al 2 O 3 slab for the substrate and a (100) YSZ or (111) YSZ slab for the epitaxial layer. The supercells are parallelepipeds, and the interface is taken to be perpendicular to the z direction. Before proceeding, however, we consider the free surfaces and compute their unrelaxed and relaxed energies. Periodic boundary conditions are used; for free surfaces, a vacuum region is inserted in the supercell. Thus, in all cases there are two interfaces, either between the two materials or between the surface of the material and the vacuum.
The thickness of the slab must be sufficient to yield converged results and yet remain computationally manageable. To this end, one may first define two structures -one for the bulk and one for the slab -having the same number of atomic layers N; the slab has two free surfaces owing to the presence of a vacuum region (see above). The free surface energy is then defined as the excess energy of the slab [(hkl) indices] relative to the bulk divided by the surface S of the slab:
where ∆N is the difference in the number of layers between two different slab models. The convergence of γ hkl can be studied as a function of N.
However, Boettger has shown that this approach is not very accurate, 78 as the convergence of γ hkl (N) depends on the thickness of both the slab and the bulk, but also on ∆E bulk (N).
He proposed to use, instead:
where N ′ is the number of layers for which the value of ∆E slab is sufficiently converged to ensure that the behaviour of γ hkl is a function of N only. Thus, in this approach, the term 
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Further, previous ab initio calculations 39 have shown that a vacuum thickness of 10Å is sufficient and this is the value we have used. We have nevertheless studied the convergence with regard to the thickness of the solid, viz. 9, 12, 15, and 18 atomic layers.
The results, presented in Table VI , are found to be in very good agreement with those of Siegel. 39 One may note the huge differences between the unrelaxed and relaxed energies -the absolute differences are ∼2 J/m 2 . This is a consequence of the inward relaxation of the atomic planes in the z direction. Table VII gives the average relaxation of the atomic planes relative to the original bulk spacing. As found in previous calculations, the inward relaxation of the Al atomic plane is close to 80% and leads to the formation of sp 2 -like atomic bonding at the free surface. The inward relaxation of the top Al plane is related to the increase of the electronic density, yielding a lower free surface energy. Our study demonstrates that 15 atomic layers are needed to model accurately the bulk structure, but the results are already quite reasonable for N = 9, offering a good compromise between accuracy and computational workload as we discuss in Sec. IV C. We now consider the YSZ (100) and (111) Table IVand From these bulk cells, surface slabs are constructed by introducing a 10Å-thick vacuum layer along z. For consistency with the case of (Al-terminated) α-Al 2 O 3 , we also consider stoichiometric surfaces hereafter so that, in both cases, the cells are terminated by an oxygen plane. In the case of (100) YSZ , this requires half of the O atoms to be removed from each side of the slab. We placed one oxygen vacancy on each side of the slab cells on the free surfaces.
The (100) and (111) free surface energies of YSZ, computed using Eq. 9, are presented in Table VIII ; the areas of the free surfaces are S = 8a These results are not surprising since (111) corresponds to a dense arrangement of the atomic planes, which is not the case for (100). We now turn to the (1), (2), and (3) {YSZ||(0001) α−Al 2 O 3 } interface models, constructed from the structures discussed in the previous sections. More specifically, several unit cells must be assembled in the (x,y) plane so as to minimize the lattice mismatch; since the computational effort increases very rapidly with size, the number of cells of each material must be chosen such that the mismatch is no larger than a few percent in each supercell. Figure 3 provides a schematic representation of the relative orientations of the two materials; ball-and-stick models are presented in Fig. 4 . In practice, keeping the mismatch to within a few percent would require unit cells containing at least 500 atoms. This is clearly unmanageable. In order to reduce the workload, we fixed the thickness of the α-Al 2 O 3 substrate to 9 atomic layers; as mentioned earlier, while the system parameters are not fully converged at this value, they are nevertheless adequately described. In addition, as we will be comparing different structures with the same number of layers, systematic errors will cancel out to a large extent. The computational workload remains considerable, but was alleviated by running the calculations in parallel on up to 252 processors.
The details of the geometry of the three systems are given in Table IX: adhesion W ad as follows:
where E s and E l are the total energies of the substrate and the layer, respectively, and S is the area of the interface. W ad can be expressed in terms of the interface and surface energies as:
where γ s = γ α−Al 2 O 3 = γ (0001) and γ l = γ YSZ = γ (100) for interfaces (1) and (2) = γ (111) for interface (3) . The quantity γ int ′ is the energy resulting from the presence of two interfaces in absence of vacuum. The significance of the various quantities entering Eqs. 13 and 14 in relation to the geometry of the models is schematically illustrated in Fig. 5 .
One may argue that the interface energy between two solids is lower than the sum of the free energies of the two surfaces:
Combining Eqs. 13, 14, and 15 yields a lower bound to the interface energy:
This is useful for comparing interface energies as γ YSZ and γ (0001) are known. However, because the mismatches are finite (cf . Table IX) , the substrate and layers are both under One may note that for both layers and substrates, the strained unrelaxed free surface energies are strictly lower than their corresponding unstrained values (see Tables VI and   VIII for comparison) . This behaviour is related to both the evolution of the free surface (contraction or dilatation, see Table IX ) and the modification of the electronic density. Using
Eqs. 15 and 16, and the parameters listed in Table X , we have 4.48 ≤ γ int(1) ≤ 6.81,
4.41 ≤ γ int(2) ≤ 6.89,
2.46 ≤ γ int(3) ≤ 5.36.
Our calculations demonstrate, therefore, that the interface energy for model (3) tends to be lower than that of models (1) and (2), implying that the fomer is the most thermodynamically stable of the three. This result is consistent with the continuity of the three-fold α − Al 2 O 3 (0001) symmetry axis with the YSZ (111) symmetry axis in model (3), 32 i.e., electronic bonding is much stronger here than in models (1) and (2) . As a consequence, on a perfect α − Al 2 O 3 substrate, the creation of a type-(3) interface requires much more energy than interfaces of types (1) and (2) because it is more strongly bonded. Thus, at the beginning of the islanding process, when the thin solid film still exhibits a large interface area with the substrate, the formation of interfaces (1) and (2) is favored over interface (3).
As a consequence, (111) YSZ islands are not expected to form on a perfect α−Al 2 O 3 substrate -only (100) YSZ islands with large interface areas should be observed.
On an imperfect substrate, now, the islands nucleating at the location of the defects are subject to enhanced growth in height. 31 As a result, the interface area decreases and the energy cost required for the island to create interface (3) decreases with regard to the whole internal energy of the island. This allows one to understand why, on rough substrates, (111) YSZ rounded islands are observed only at the location of defects.
V. CONCLUSION
We have demonstrated using an ab initio approach that the (111 opening up the way to the formation of (100) YSZ islands on the perfect substrate. On an imperfect surface, the formation of islands at the location of defects leads to enhanced growth in height. As the interface area decreases, the energy cost required to form interface (3) does too. As a consequence, the (111) YSZ ||(0001) α−Al 2 O 3 interface can form at the location of defects, which explains that both (100) YSZ and (111) YSZ islands are observed in this case.
